A method has been described for measurement of the oxidation-reduction potentials of redox couples in nonaqueous solutions. This method has been applied to a study of the effect of a nonpolar environment on the redox potential of a heme complex. A positive potential difference of some 300 mV is observed for the measured redox potentials by comparison with reported values for the corresponding heme complex in aqueous solution. The proposal is made that the redox potentials of many high-potential cytochromes may be accounted for by a local heme environment of low-dielectric constant, characteristic of nonpolar amino-acid side chains, and that this factor may play a dominant role in the determination of the oxidation-reduction properties of these proteins.
The redox potentials of electron transport proteins are essential to their specific functions in biological systems. In hemeproteins, it has generally been accepted that this property is primarily dependent on the particular porphyrin and the protein groups acting as ligands to the heme iron. The imidazole nitrogen of histidine has long been recognized as the fifth ligand to the heme iron in cytochrome c. Recently, x-ray crystallographic analysis (1) of horse-heart ferricytochrome c has established that the sixth ligand is the sulfur of a methionine residue of the protein. This ligand had been suggested earlier by Harbury et al. (2) , who demonstrated that complex formation between methionine and a heme peptide from cytochrome c exhibited an absorption spectrum characteristic of the native protein.
The redox potential of this complex is (2) some 300 mV lower than that of cytochrome c (3) . Likewise, the standard potentials at pH 7.0 of all other heme complexes measured (4) in aqueous solution are much lower than that of cytochrome c. Yet, potentials of still other c-type cytochromes from plants (5) , algae (6) , and bacteria (7) have been reported that are significantly higher than cytochrome c. Recent studies of these latter cytochromes by high-resolution nuclear magnetic resonance (NMR) spectroscopy suggest that the ligand groups to the heme iron are the same as those in cytochrome c (8) . Thus, a fundamental question remains as to the physical basis for the high oxidation-reduction potentials of cytochrome c and other hemeproteins based on a comparison with the potentials of iron-porphyrins in the presence of ligands thought to typify groups found in these proteins. Toward an understanding of this problem, I considered the effect of a nonpolar environment on the redox potential of the heme complex. For this purpose, the redox potential of bis-pyridine mesoheme dimethylester in benzene was determined. The present report describes both a method for measurement of potentials of oxidation-reduction couples A stock solution of ferrimesoheme dimethylester in benzene was prepared at a concentration that gave a change in absorbance greater than 0.3 at the a-absorption maxima after reduction to the bis-pyridine ferromesoheme ester. Stock solutions of 10 mM potassium ferrocyanide and 10 mM potassium ferricyanide were prepared in a pyridine-PO4 buffer. The pyridine-phosphate buffer was prepared from a solution of 10% pyridine in 0.05 M (aqueous) KH2PO4 by adjustment of the pH from 6.97 to 7.00 with a few drops of 1 N NaOH.
Experiments were performed in a closed, evacuated vessel. The vessel consisted of a 17 X 100 mm test tube with an upper 14/20 outer joint of ground glass and fitted with a Kontes 14/20 hypodermic injection-inlet adaptor. A total of 0.75 ml of a mixture of the potassium ferri-and ferrocyanide stock solutions was added to the test tube, followed by the addition of 1.5 ml of the ferrimesoporphyrin ester in benzene. The inlet adapter was put in place, and the lower end of the tube was immersed in liquid nitrogen. A 5-cm long no. 22 hypodermic needle attached to rubber tubing connected to a vacuum manifold was inserted through the rubber septum of the inlet adaptor. The vessel containing the frozen aqueous and benzene phases was deaerated by a repeated (four times) freeze, evacuate, thaw process, after which the needle was removed to leave the system under vacuum. Deaeration of the solutions was essential, because the bis-pyridine ferro- mesoporphyrin ester is subject to air oxidation in the presence of the aqueous ferri-ferrocyanide buffer solution. Freezing the solutions before evacuation of the vessel eliminated any change in concentration of the ferrimesoporphyrin ester through evaporation of the benzene. The aqueous and benzene phases were then mixed vigorously by hand, or more conveniently on a Burrel wrist action shaker, for 10 min. After equilibration, the phases were thoroughly separated by centrifugation of the vessel in a clinical centrifuge. After centrifugation, the vessel was returned to atmospheric pressure with argon by passage of the gas from the cylinder to the vacuum manifold with a connection of rubber tubing, and thence into the vessel through the needle inserted through the inlet adapter. The rubber septum of the inlet adaptor was replaced after each experiment to ensure that the system remained anaerobic during equilibration. A sufficient aliquot of the clear benzene layer was removed with a Pasteur pipette to an absorption cuvette and the optical spectrum was recorded. The absorption spectrum of the completely reduced bis-pyridine mesoheme ester was measured after equilibration of its benzene solution with the pyridine-PO4 buffer containing 4 mg of sodium dithionite. The bis-pyridine ferromesoheme ester exhibited absorption maxima at 547, 517, and 408 nm. In the same manner, the absorption spectrum of the completely oxidized mesoheme ester was measured after equilibration of its benzene solution with 0.75 ml of the ferricyanide stock solution containing pyridine-P04 buffer. The resulting pyridine complex of ferrimesoheme ester showed a broad visible absorption maxima at 569 nm, and a Soret maxima at 397.5 nm.
RESULTS
Mesoheme dimethylester is soluble in benzene and insoluble in water. Ferrimesoheme dimethylester in benzene-pyridine can be readily reduced to the ferromesoheme bis-pyridine complex by mixture of the benzene solution with an aqueous solution containing sodium dithionite, as observed (13) with protohemin in benzene or diethylether. Ferrimesoheme ester in benzene-pyridine can also be readily reduced by mixture with an aqueous solution of potassium ferrocyanide. As observed for protoheme (13) , the bis-pyridine ferromesoheme ester in benzene is stable to oxidation by molecular oxygen, even in the presence of water. On the other hand, the ferromesoheme bis-pyridine complex in benzene is readily oxidized by mixture with an aqueous solution of potassium ferricyanide. Furthermore, shaking a solution of ferrimesoheme ester in benzene with an aqueous solution containing an equimolar mixture of ferro-and ferricyanides leads to a partial reduction of the mesoheme. The ferro-ferricyanide couple, thus, represents a suitable system for establishing the redox potential of the pyridine-iron-porphyrin complex in benzene. The mesoheme ester in benzene solution could be equilibrated with aqueous mixtures of ferro-and ferricyanides in pyridine-phosphate buffer at a concentration sufficient to act as a redox buffer. Pyridine is miscible with both water and benzene. Thus, mixture of the aqueous buffer with a benzene solution of mesoheme ester results in a partitioning of the pyridine between the two phases, which permits complex formation with the mesoheme.
The results are consistent with the formulation of a potential for the mesoheme ester in benzene that, at equilibrium, is equivalent to a potential for the aqueous mixture of potassium ferro-and ferricyanides, Eq. 1, EFe-P = EFe(CN)6 [1] where the potential of each system is related to a midpoint potential, Em, of its respective redox couple, by Eqs. 2 EFe-P = ErnFe-P + ln [Fe"'-P] [2] [31 Thus, the midpoint potential of the iron-porphyrin system could be calculated from the ratio of reduced to oxidized mesoheme in benzene, the known concentrations of ferriand ferrocyanides, and the midpoint potential of 0.409 V (14) at 250 for the ferri-ferrocyanide system, according to Eq.4.
EmF,-p = 0.409 + F ln {[Fe I (CN)61X [Fe,,-P]} [4] The ratio of reduced to oxidized mesoheme was determined spectrophotometrically from the absorbance at 547 nm and Eq.5.
[ Fig. 1 shows the visible absorption spectra of solutions of equivalent concentrations of ferri-and ferromesoheme ester in benzene-pyridine, and of two mixtures of ferri-and ferromesoheme ester after equilibration with aqueous solutions of ferro-and ferricyanide at two different ratios. The spectrum of the completely reduced mesohemeester corresponds to that of the bis-pyridine complex. The spectra exhibit isobestic points characteristic of the presence of two components.
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Experiments were performed over a range of ratios of ferro-to ferricyanides of about 40-fold. The method and the results could, therefore, be more critically evaluated by plotting the log of the ratio of concentrations of reduced to oxidized mesoheme as a function of the log of the ratio of ferrocyanide to ferricyanide concentrations (Fig. 2) , as represented by Davenport and Hill (5) . Each point corresponds to a separate experiment, for which an aliquot of the stock benzene solution of mesoheme ester was equilibrated with the aqueous buffer containing ferr-and ferrocyanides at a different ratio. The experimental points in Fig. 2 are in excellent agreement with a straight line of slope 1, and thus conforms to the plot expected for a one-electron change.
Redox potentials calculated from these oxidation-reduction equilibria are recorded in Table 1 . The average midpoint potential, Em, of the pyridine ferrimesoheme ester-pyridine ferromesoheme ester was 0.399 V, with a standard deviation of 2 mV.
DISCUSSION
The method described should be quite general for establishing the redox potentials of organic and metal-organic complexes in nonaqueous environments where the compound of interest may not be soluble in aqueous solution or for which the effect of a nonaqueous environment on the redox potential is to be investigated. The method permits the convenient determination of redox potentials under anaerobic conditions without the necessity of establishing and then maintaining an inert (oxygen-free) atmosphere, conditions that are essential in measuring redox potentials of compounds that are readily autoxidizable. Furthermore, the method need not be limited to the measurement of redox systems of high potential, to the use of the potassium ferr-and ferrocyanide redox buffer, or to the solvent used. Compounds of lower redox potential could be measured in the same manner by equilibration with an appropriate aqueous redox buffer of known potential, while any solvent that is not miscible with water should be acceptable.
An optical method (15) has been described for measurement of the redox potentials of various substituted benzoquinones in benzene solution relative to the potential of an unsubstituted benzoquinone used as a standard. The potentials of the quinones could not be related to the standard series of redox potentials based on the hydrogen electrode because the redox potential of the quinone used as standard could not be equated with its potential in aqueous solution. Furthermore, the method required measurement of the optical rotation of the reference quinone in the presence of the oxidized and reduced components of the unknown quinone. In the present system, the measured redox potential is directly related to the standard series of redox potentials, as a result of equilibration of the benzene solution with the aqueous redox buffer. In addition, the redox buffer is insoluble in benzene, and thus the concentrations of each of the components of the unknown couple could be conveniently determined.
The measured redox potential of 0.399 V for the pyridine complex of mesoheme ester in benzene is strikingly high when compared to the potential of the pyridine complex of mesoheme free acid measured in aqueous solution. Extrapolation of the data of Davies (16) for this system from pH 9.1 to 7.0, with an assumed -AE/ApH = 0.06 V, yields a maximum redox potential of 0.096 V.
It must be acknowledged that a quantitative comparison of the redox potentials in benzene and water cannot be made because redox potentials of mesoheme have not been measured at pH 7.0, due to problems of solubility and aggregation associated with most iron-porphyrins in aqueous solution. In addition, there are differences in experimental conditions that the redox potentials may be dependent upon. However, even a qualitative comparison of the redox potentials of the pyridine mesoheme dimethylester in benzene with the pyridine mesoheme free acid in water indicates a positive potential difference of-some 300 mV.
It has been noted that the effect of the protein on the redox potential of the iron-porphyrin system in hemeproteins has generally been equated with the effect of the ligand groups supplied to the heme iron by the protein. Therefore, it is appropriate to compare the effect of pyridine and other ligands on the redox potentials of iron-porphyrins with the effect of the heme environment, as set forth in the present results. In Table 2 , the redox potentials of two iron-porphyrins and a heme-containing peptide from cytochrome c, in the presence and absence of added ligands, Are listed along with the potentials of some synthetic heme derivatives and cytochrome c.
The effect of pyridine is to raise the redox potential of mesoheme 0.254 V. A similar, but somewhat smaller, effect is also observed for protoheme. In the hemeoctapeptides studied by Harbury et al. (2) and Harbury and Loach (19, 20) , the effect of the added ligand was dependent on the ligand. At neutral pH, an imidazole group of a histidine residue of the peptide is believed to provide one of the ligands to the heme iron. The addition of imidazole to form the bisimidazole-heme complex produces only a very small change in the redox potential, while the addition of N-acetylmethionine raises the redox potential some 0.15 V at a concentration of 2 M. The redox potential of the hemeoctapeptide plus imidazole is in agreement with that of the synthetic bishistidine mesoheme derivative for which ligand imidazole groups are provided by histidine amino acids covalently bound to the mesoheme through amide linkages with the propionic-acid side chains. Likewise, the value of -0.11 V for the histidine-methionine mesoheme derivative compares reasonably well with the value of -0.05 V for the hemeoctapeptide plus methionine. A positive potential difference of 0.178 V results from the addition of two methionine ligands to the mesoheme, as evidenced by comparison of the potentials of the bismethionine mesoheme and mesoheme. The differential effect of various ligands on the redox potentials presumably reflects a difference in equilibrium constants between the ferri-and ferroheme and the ligands (19, 21) . Methionine exhibits little affinity for ferriheme, while exerting a stronger affinity for ferroheme. The imidazole group exhibits an approximately equal affinity for both the ferro-and ferriheme. Both the histidine-methionine mesoheme derivative and the hemeoctapeptide plus methionine contain the ligand groups thought to be characteristic of cytochrome c. Yet, both of these complexes exhibit redox potentials that are not more than 0.11 V greater than that of mesoheme without added ligands, and that are far below the potential of cytochrome c. It has been suggested (21) that the difference in redox potentials between these heme complexes and cytochrome c may be accounted for by a weak and incomplete coordination of methionine in the oxidized heme derivatives, whereas complete coordination by methionine in cytochrome c is accomplished through structural forces in the protein. It may be noted, however, that the cited redox potential for the hemepeptide plus methionine represents the maximum observed (2) value for increasing concentrations of methionine This value corresponds to a point on the curve that appears to approach a plateau at which the concentration of methionine is sufficient for complete coordination to the hemepeptide in its oxidized state. By comparison, the change from an essentially aqueous environment to the nonaqueous environment of the benzene solution results in a positive potential difference of some 0.30 V for the pyridine mesoheme complex. The magnitude of this effect indicates that the redox potential of cytochrome c could be accounted for by a heme environment similar to that of the benzene solution. A similar increase of 0.30 V for the hemeoctapeptide plus methionine would yield a redox potential of some 0.25 V, consistent with the Em for cytochrome c (3). Likewise, other c-type cytochromes whose potentials are higher than those of cytochrome c may have heme environments that are more hydrophobic than that of cytochrome c. The extent of this effect in the present system suggests that the heme environment may play a dominant role in determining the redox potentials of these and other hemeproteins.
I suggest that the difference in redox potentials between pyridine mesoheme ester in benzene and the pyridine mesoheme free acid in aqueous solution may be understood in terms of the difference in dielectric constants of the two solvent systems. While ferromesoheme ester is electrically neutral, ferrimesoheme ester has a formal charge of plus one. In the solution studied, the ferrimesoheme ester may be expected to exist as a bis-pyridine complex dissociated from its counter ion, undissociated as an ion pair, or as the mono-pyridine complex with the counter ion as the sixth ligand to the heme iron. Each of these species would exhibit a separation of charge. The ferrimesoheme ester and its further coordination complexes would thus be expected to be thermodynamically less stable in a region of low dielectric constant such as water. The difference in redox potentials could thus correspond roughly to the difference in free energies of the ferrimesoheme complexes in the two solvents.
The present proposal is consistent with the reported threedimensional structure of crystalline ferricytochrome c (1) . This x-ray diffraction study has revealed that in this protein the heme is fitted into a crevice, both walls of which are composed primarily of nonpolar amino-acid side chains. Thus, the local environment of the ferriheme coordinated to imidazole on one side and methionine on the other corresponds to a region of low dielectric constant, similar to that of the benzene solution. In addition, comparative studies (8) of the NMR spectra of reduced c-type cytochromes whose redox-potentials are more positive than cytochrome c suggest the presence of an alkyl side chain in the heme environment that is not observed in cytochrome c (22) . Such groups may contribute to a heme environment that is less polar than that in cytochrome c, which would be consistent with the present proposal that such proteins have redox potentials more positive than that of cytochrome c.
Related studies on the structure and properties of hemoglobin and myoglobin also add support to the present view.
These proteins transport 02 as a ligand to the heme iron in the ferrous state. The sixth ligand to the heme iron is an imidazole group of a histidine residue. The oxygenated heme proteins are stable to oxidation by oxidation-reduction buffers. However, the deoxygenated myo-and hemoglobins may be reversibly oxidized, and exhibit redox potentials of 0.045 V (23) and 0.139 (24) , respectively. The potentials of these proteins may best be contrasted to those of the synthetic monohistidine mesoheme and the hemeoctapeptide without added ligands, which have potentials of -0.21 V (21) and -0.207 V (19) , respectively. The latter potentials are 0.25-0.35 V more negative than those of the hemeproteins. X-ray structure analyses of the deoxygenated proteins show also that the heme (coordinated to one histidine residue) fits into a pocket of the molecule that is lined by nonpolar groups (25, 26) . This structure had been predicted earlier by Wang and coworkers (27, 13) to account for the stability of these proteins toward oxidation by bound molecular oxygen. According to their proposal, the unique ability of these proteins to bind oxygen reversibly depends on a local heme environment of nonpolar nature, such that the predicted decomposition of oxyheme to ferriheme and 2-would be slow relative to the rate of dissociation of 02.
